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A gene, encoding a protein homologous to an essential Escherichia coli 
protein, FtsH, was identified adjacent to the hpt gene and the tmA operon in 
the Gram-positive bacterium Lactococcus lactis. The deduced amino acid 
sequence of the gene product showed f uii-length similarity to FtsH of E. coli, 
Ymelp of Saccharomyces cerevisiae and a conserved region found in a new 
family of putative ATPases. In-frame fusions of L lactis ftsH and phoAl in E. 
coli, and immunodetection of the L lactis FtsH protein in cell fractions using 
anti-£. coli FtsH serum showed that L lactis ftsH was expressed and encodes a 
membrane protein. When contained on a high copy number plasmid, the L 
lactis ftsH gene complemented the lethality of a AftsH3::kan mutation in £. 
coli at 37 °C and below, indicating that the L lactis ftsH gene can functionally 
replace the E. coli ftsH gene to some extent. The resulting E. coli strain showed 
temperature sensitivity and salt sensitivity. A L lactis mutant with an 
insertion into ftsH was salt-, heat- and cold-sensitive. These results suggest 
that FtsH is somehow involved in stress responses. Southern hybridization 
analysis indicated that genes homologous to ftsH of L lactis were also present 
in Bacillus subtilis, and several Lactobacillus and Leuconostoc species, 
suggesting high conservation of ftsH in bacterial species. 
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INTRODUCTION 

The facultative anaerobic Gram-positive bacterium 
Lactococcus lactis subsp. lactis is widely used as an industrial 
organism for homolactic fermentation, L, lactis has 
become a model organism for fundamental genetic 
research on plasmids and plasmid-encoded functions 
involved in the production of fermented food products. 
However, the genetic characterization of chromosomallv 
encoded functions in L. lactis has only recently been 
started. We initiated a genetic approach to study purine 
metabolism in L. lactis and have characterized xht hpt gene 
encoding hypoxanthine guanine phosphoribosyl- 
transferase, an enzyme involved in the salvage of purine 
bases to the corresponding nucleotides (Nilsson & 
Lauridsen, 1992). During this work we detected part of an 



The GenBank accession number for the nucleotide sequence reported in 
this paper is X69123. 



open reading frame adjacent to hpt, transcribed in the 
same direction, encoding a putative membrane protein. 

In this report we describe the cloning and characterization 
of the L. lactis gene, previously named tma, adjacent to hpt 
and the tRNA operon tmA (Nilsson & Johansen, 1994). 
We show that the gene is homologous to the Escherichia 
coli ftsH gene, and that this gene is conserved in several 
Gram-positive bacteria, including lactic acid bacteria. We 
suggest that the gene be designated ftsH. 

The ftsH genes of E. coli and L. lactis encode members of 
a new family of ATPases, the AAA-protein family (Kunau 
et al,, 1993). The family includes both eukaryotic and 
prokaryotic members which have been reported to be 
involved in diverse cellular activities, e.g. cell cycle 
control, protein secretion, peroxisome biogenesis and 
proteolysis. 

E. coliftsH mutants show pleiotropic phenotypes : defects 
in cell growth and cell viability (Ogura et al., 1991; 
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Table 1. Bacterial strains and plasmids 



Strain or plasmtd Genotype/relevant features Source or 

reference 



Escherichia coli 
XLl-Blue 

DH5a 

50609 

CC118 

AR423 

AR3120 

Lactococcus lactis 

CHCC285 

MG1363 
DN4302 

Plasmids 

pBluescript KS -}- 
pBluescript SK — 
pVS2 
pV2 



pAR171 

pLN2 

pLN3 

pLN22-27 
pLN30 

pLN32 

pLN39 

pLN43 



end A 1 hsdK 1 7 supE44 thi- 1 recA 1 ^rA96 relA 1 

A(/ac) [F' proAB /^f/^ZAMlS TnW] 
^m/acZ^MXS di{iacZYA-argF) U169 recAl 

end A 1 hsdK 17 supE44 thi- 1 ^rA96 re/ A 1 
ara thi rpsl^ A{pro-gpt-iac) hpt deoD purD 

araD139 A{ara~/eu)l 697 MacX74 phoAA20ga/E 

galK thi rpsE rpoB argEam recA 1 
met gal supE hsdK sfiC A{sr/-recA) 306: : Tn W 

A/tsH3::kan [pAR17t ftsH rep"" Cm^] 
met gal supE hsdK sfiC A{srl-~recA) 306 y.TnW 

AftsH3'.:kan [pLN32 L. lactis ftsH] 

Wild-type 

Plasmid-free 

MG\363 ftsH::pLN43 

Cloning vector (Ap*^) 
Cloning vector (Ap^) 
Ery« Cm^ 

pBluescript KS+ with a 1*3 kb Clal-HpaW 
fragment (Ery^) from pVS2 

ftsH rep"" Cm^ 

pBluescript SK- with a 1-9 kb EcoKl-Mbol 

fragment (ftsH') from CHCC285 
pBluescript SK- with a 1-3 kb HindUl-Mbol 

fragment ('//jH') from CHCC285 
pLN2 ftsH::TnJphoA1 

pBluescript KS -f with a 7-3 kb Spel fragment 

(hpt ftsH) from CHCC285 
pBluescript KS + with a 3*2 kb EcoKl fragment 

{ftsH) from pLN30 
pBluescript KS + with a 1*0 kb HindlW-EcoKl 

fragment (ftsH) from pLN32 
pV2 with a 1*3 kb EcoKV fragment (ftsH) from 

pLN32 



Stratagene, La Jolla 
Hanahan (1983) 

Joe him sen et al. 

(1975) 
Manoil 6c Beckwith 

(1986) 
Akiyama et al. 

(1994a) 
This study 

Nilsson & Lauridsen 

(1992) 
Gasson (1983) 
This study 

Stratagene 

Stratagene 

von Wright (1987) 

Svend E. W. Hansen 

(personal 

communication) 
Akiyama et al. 

(1994a) 
Nilsson & Lauridsen 

(1992) 
Nilsson & Lauridsen 

(1992) 
This study 
This study 

This study 

This study 

This study 
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Tomoyasu et al., 1993a), defects in protein assembly into 
and through the membrane (Akiyama el al., 1994a, b; 
Tomoyasu el al., 1993a) and a defect in a proteolytic 
pathway (Herman et al., 1993). A Bacilltis sub tilts ftsH 
mutant shows salt sensitivity (Geisler & Schumann, 
1993), However, it has not satisfactorily been 
demonstrated how ftsH mutations cause these diverse 
defects, and what the function of FtsH is. In this respect, 
it is interesting to know the structural similarity and 
functional relationship of FtsH in Gram-negative and 
Gram-positive bacteria. Comparative studies on the FtsH 
proteins in Gram- positive and Gram-negative bacteria 



will provide better understanding of the function of this 
highly conserved putative membrane ATPase. 

METHODS 

Bacterial strains, plasmids and media. The bacterial strains 
and plasmids used are listed in Table 1 . L. lactis was grown in 
M17 medium (Oxoid), containing 0*5% glucose, routinely at 
30 ^C. E. coli2Lnd B. subtiliswcxe grown in L-broth (Miller, 1972) 
at 37 *'C unless otherwise stated. The phosphate-buffered 
minimal medium of Clark & Maalee (1967) was used for 
selection of S06O9 Hpt'^ as described previously (Nilsson & 
Lauridsen, 1992). For growth of plasmid-containing cells, the 
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itiodia contained appropriate antibiotics: £. coli, ampicillin 
(30 mg i"*), kanamycin (300 or 30 mg T'), chloramphenicol 
(10 mg I"*) : L. lactis, erythromycin (1 mg 1"^). For identification 
ot blue PhoA' colonies on agar plates, 40 mg XP 1'^ (5-bromo- 
4-chloro-3-indolyl phosphate, Sigma) was added. 

DNA manipulations and sequencing. L. lactis chromosomal 
DNA was isolated according to Johansen & Kibenich (1992). 
B. coli and B. sub t His chromosomal DNA was isolated as 
described by Silhavy et aL (1984) and £. coli p las mid s as 
described by Birnboim & Doly (1979). The use of restriction 
enzymes, T4 DNA ligase and calf intestine alkaline phosphatase 
were as recommended by the suppliers (Boehringer Mannheim, 
promega, Stratagene). Plasmid transformation of £. coli and L. 
lactis was performed according to Mandel & Higa (1970) and 
Hole & Nes (1989), respectively. The nucleotide sequence of 
both strands of DNA was determined by the dideoxy method 
(Sanger et al.^ 1977). Universal primers from Stratagene or 
customized primers were used as sequencing primers. AH 
nucleotide sequence data were processed and the deduced amino 
acid sequences compared using the GCG software package, 
version 7.0 (Devereux et aL, 1984) and EMBL nucleotide 
sequence database release 37.0. 

Cloning of itsH. A L. lactis strain CHCC285 chromosomal 
DNA library, containing 1-10 kb Spe\ restriction fragments in 
rhe bacteriophage vector /Zap II (Stratagene) was used. By 
selecting for Hpt^ colonies of £. coli strain S06O9 (Nilsson & 
Lauridsen, 1992), we isolated clone ALN2 containing a 7*3 kb 
and a 1*3 kb Spe\ fragment. The 7*3 kb fragment, containing the 
hpt and ftsH genes, was subcloned in the plasmid vector 
pBIuescript KS-f- (Stratagene) resulting in pLN30 (Table 1). 

Construction of pLN2::Tn5p/)o47. Plasmid pLN2 (Table 1), 
which contains the first 441 codons of the //jf/gene, was used to 
transform E. coli strain CC118. Following infection of 
CC118(pLN2) with Xrexv.TnSpboAl bllX fI857 Paml) 
(Gutierrez et aL^ 1987), blue colonies on LB XP agar plates 
(PhoA^^) that were Kan^ and Ap*^, were selected and pooled. 
Plasmids were isolated and used to transform CC118 to PhoA^, 
Ap*^ and Kan**". Six independent pLN2 : : Tni/>^<?^ / isolates 
were obtained. 

Identification of L \act\s FtsH in E. co//. Various E. coli extracts 
from strains containing plasmids were used for SDS-PAGE and 
subsequently blottied semi-dry to nitrocellulose as described by 
Ipsen & Larsen (1988). The nitrocellulose was subsequently 
immunostained (Larsen et aL, 1992) using the anti-£. coli FtsH 
serum described previously (Tomoyasu et aL, 1993b). 

Cell-fractionation of L lactis. Ceils were grown in 400 ml of 
M17 medium to an ODgg^ of 0*9-1 0, harvested and resuspended 
in 5 ml 30 mM sodium phosphate (pH 6-8) containing 0*4 M 
sucrose and 1 mg lysozyme mP^ After incubation at 37 °C for 
i h. the cells were harvested, washed twice with 30 mM sodium 
phosphate containing 0*4 M sucrose, resuspended in 5 ml 
10 mM sodium phosphate (pH 6-8) and sonicated. After 
ultracentrifugation of the cell extract (100000^, 1 h at 4 °C), the 
supernatant (cytoplasmic) fraction was collected. The pellet 
(membrane) fraction was resuspended in 10 mM sodium phos- 
phate containing 1 M NaCl and ultracentrifuged as above. The 
supernatant and pellet were collected separately. The super- 
natant w^as desalted by gel filtration (Sephadex G-25M, 
Pharmacia). 

The collected fractions were used for SDS-PAGE, blotted to 
nitrocellulose and immunostained with anti-E. coli FtsH serum 
as described above. 

Southern hybridization analysis. A 10 kb HiftdlU-Kpnl (the 
Kp/il site originates from the polylinker of pBIuescript SK — ) 



restriction enzyme fragment of plasmid pLN3 (Table 1) contains 
an internal part of the L. lactis ftsH coding region. This 
fragment was used as probe in Southern hybridization analysis 
with .iVtfl -digested chromosomal DNA from various bacterial 
strains, using the ECL Gene Detection System, version 2 
(Amersham) as follows. In the hybridization buffer bslaCl was 
added to a final concentration of 1*0 M; primary washes were in 
2 X SSC, 1 M urea, at 25 °C. All other procedures including 
probe labelling, DNA transfer and signal detection were as 
described by Amersham. The molecular mass markers were 
obtained from Gibco BRL. 

To verify the integration of pLN43 (Table 1) into the ftsH gene 
of L. lactis strain DNmi /tsH::pLN43, a 1*3 kb EcoKV 
internal fragment of ftsH was used as probe in Southern 
hybridization analysis with EcoKl-digested chromosomal DNA 
from DN4302 and L. lactis strzin MG1363 wild-type. Standard 
conditions as recommended by Amersham were used. 

RESULTS 

Nucleotide sequence of L lactis ftsH 

Adjacent to the hpt gene and trnA operon of L. lactis, a 
gene iJtsH') was found (Nilsson & Lauridsen, 1992; 
Nilsson & Johansen, 1994). The complete flsH gene was 
cloned and the nucleotide sequence was determined. The 
sequence of the last 24 codons of hpt and the entire ftsH 
gene is shown in Fig. 1. A possible ribosome binding site 
(Ludwig et a/., 1985; Shine & Dalgarno, 1974) and a 
putative promoter (Koivula et aL, 1991) are located 
upstream of ftsH {Fig. 1). The putative promoter contains 
the sequence 5' ATATG 3' in the — 16 region (consensus 
5' RTRTG 3' where R = purine), which is found in 
strong B. subtilis promoters (Henkin et al., 1988; Moran et 
al.^ 1982). A potential stem— loop structure followed by 
five Ts (nucleotides 82-101) was located between the hpt 
and ftsH coding regions. The translation stop codon of 
the ftsH gene was located in the loop of a potential 
transcription terminator structure (nucleotides 2352- 
2391). 

Analysis of the deduced amino acid sequence of the JtsH 
gene revealed a purine nucleotide binding site motif 
(residues 233-240 and 288-293) (Walker etaL, 1982). Two 
putative transmembrane sequences can be predicted 
(residues 1-29 and 136-158) (Kyte & Doolitde, 1982). 
The transmembrane sequence (residues 136-158) and the 
region containing the purine nucleotide binding site are 
separated bv a . very glycine rich sequence (residues 
159-170, GGMGARGGGGGG). 

Comparison of L lactis FtsH with other proteins 

Database searches for genes encoding similar amino acid 
sequences revealed that the deduced amino acid sequence 
of L. lactis JtsH was 47 % identical to that of £. coli JtsH 
(Tomoyasu et aL, 1993a) and 36% identical to that of 
Saccharomyces cerevisiae Yme1 (Thorsness et aL, 1993). The 
deduced L. lactis FtsH amino acid sequence contains a 
region of 200 amino acid residues that reveals similarity 
to conserved domains in the AAA-protein family of 
putative ATPases (Erdmann et aL^ 1991; Kunau et al.^ 
1993). In this region the L. lactis FtsH amino acid 
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TTGGACTACGAAGAAAACTATCGTAATCTTCCATATGTCGGAGTTTTAAAACCAGAAGTTTATAACAAATAATTCGTTGATmWTW 
LDYEENYRNLPYVGVLKPEVYNK* 

-35 -16 -10 

TCTCAGACTAAAGTATGAAAAAATCTCTGACCAATACTTACTATTAGCATTCCAAAAGGAAATATGCTATAACTAGGTATAGCTGTTATTGACTAGCCTG 

RBS Tma 

TATCCTTTATTACCAGTGATACTAAGAAGTAAATTCTTGGCTTTTCTAATAATAAATAAACAAAAGATAAGGAAAATATGAATAACAACAAACAACW^^ 
^ MNNNKQPIC 

ACAAGGAAATTTTGTAAAAAATATCTTGATGTGGGTAATCTTGGCTATTGTTGTTGTTGTCGGTTTCAATTTCTTCTTCAGTAGTAATCAATC^ 
9 OGNFVKNILMWVILAIVVVVGFNFFFSSNQSSV 

/DhoA(24) /phoA(26) 

GATAAAATTAGCTATTCACAATTGAT6ACGAAACTT6ACGGTAACAAGATTGAAAACGTCACAATGCAACCTTCTGATAGCTTAATTACTGTAACAGGTG 
42 DiCISYSQLMTKLDGNKIEMVTMQPSOSLITVTGE 

/phoA(25)/phoA(27) 

AATATAAAGAACCTGTAAAAGTAAAAGGAACAAATAATTTCCCACTTTTAGGCAATTCTAGTAGTGAAGTTAAAAACTTCCAAGCTTATATTATTCCAAC 
76 YKEPVKVKGTNNFPLLGNSSSEVKNFQAYIIPT 
EcoRV /phoA(22)/phoA(23) 
TGACAGTGTTGTCAAGGATATCCAAAATGCAGCTAAAAGTAATGATGTAAAACTTAGTGTTGTTCAAGCTTCATCAAGTGGTATGTGGGTTCA^ 
109 DSVVKDIQN AAKSNDVKLSVVQASSSGMWVOIL 

TCATACATCATTCCAATGCTTCTATTTGTTGGTATCTTCTGGCTCATGATGGGCGGAATGGGCGCTCGTGGCGGAGGCGGCGGTGGAAATCCGATGTCCT 
142 SYIIPMLLFVGIFWLMMGGMGARGGGGGGNPMSF 

TCGGTAAATCTCGTGCTAAACAACAAGATGGTAAAACATCTAAAGTTCGTTTTGCTGACGTTGCCGGTTCTGAAGAGGAAAAACAAGAGCTTGTAGM^ 
176 GKSRAtCOQOGKTSK VRFADVAGSEEEKQELVEV 

TGTTGATTTCCTTAAAAATCCGAAAAAATATCATGATTTAGGAGCTCGTATCCCAGCAGGTGTTCTTCTTGAAGGCCCTCCAGGTACAGGTAAAACATTG 
209 VDFLKNPKKYHOLGARIPAGVLLEGPPGTGKTL 

CTTGCTAAGGCTGTTGCCGGTGAAGCAGGAGTTCCTTTCTATAGTATCTCAGGTTCTGATTTCGTTGAAATGTTTGTCGGT6TTGGTGCCTCACGTGTCC 
242 LAKAVAGE AGVPFYSISGSDFVEHFVGVGASRVR 

GTGACTTATTTGAAAATGCTAAGAAAACTGCACCATCAATTATCTTTATTGATGAAATTGATGCTGTTGGTCGTCAACGT6GTGCAGGTCTTGGTGGTGG 
276 DLFENAICKTAPSIIFI0EIDAVGRQRGAGLGG6 



409 



TGAAGCTGCACTTGTTGCTGCACGTCAAAATAAAAAAGAAATCAATGCTGCT6ACATTGATGAAGGAATGGACCGTGCAATGGCTGGTCCAGCTAAGAAA 
EAALVAARQNKKEIMAADIOEGMDRAMAGPAKK 
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TAACGAT6AACGTGAACAAACCCTTAACCAATTGCTCGTTGAAATGGATG6TTTCCAAGAT6ATGGCAACTCAGTAATCGTTATTGCTGCAACT 
309 NDEREQTLNOLLVEMDGFODDGNSVIVIAATNR 

TCAGATGTGCTTGACCCAGCGCTTTTACGTCCAGGTCGTTTTGACCGTAAAGTCTTGGTCGGAGCTCCAGATGTTAAAGGTCGTGAAGCCGTTC^ 
342 SDVLDPALLRPGRFORKVLVGAPDVKGREAVIICV 

TTCATGCTAAAAACAAACCTTTAGCAAGTGATGTTGATTTGCACAATGTTGCTACACAAACTCCAGGCTATGTCGGAGCTGATTTGGAAAATGTTTTGAA 1500 
376 HAKMKPLASDVDLHNVATQTPGYVGADLENVLN 



1600 



GATCGTATTCAATCAATGCGCGAACGTGAGATCGTGGCTTACCACGAAGCAGGTCACGCTATTGTTGGACTCGTTCTTGAAAATGGATCTACTGTTCGTA 1700 
442 ORIQSMREREIVAYHE .AGHAIVGLVLENGSTVRK 

AAGTTACCGTTGTTCCACGTGGACGCATC66TGGTTACATGCTTGCTCTTCCAGATGAAGAAATCATGCAACCAACTAATTTCCATCTTCAAGACCAACT 
476 vTVVPRGRIGGYMLALPDEEIMQPTMFHLQDOL 

EcoRV 

TGCCAGCCTTATGGGTGGACGACTTGGTGAAGAAATTGTCTTTGGTGTAGCTACTCCAGGGGCATCAAATGATATCGAAAAAGCAACACACATTGCTCGT 
509 ASLMGGRLGEEIVFGVATPGASNOIEKATHIAR 

TCAATGGTAACTGAATATGGGATGTCTAAGAAACTTGGTATGGTATCTTATGAAGGAGACCATCAAGTATTTATTGGTCGCGACTATGGTCAAACTAAGA 
542 SMVTEYGMSKKLGMV SYEGDHQVFIGRDYGQTKT 

CTTACTCAGAAGCAACTGCTGTTATGATTGATGATGAAGTGCGTCGTATTCTCGGTGAAGCTTATGACCGTGCTAAAGAAGCAATTGAAACACACCGTGA 
576 YSEATAVMIDDEVRRILGEAYDRAKEAIETHRE 

GCAACATAAAGCAATTGCGGAAGCTCTGCTTAAATATGAAACACTTGATGCGAAACAAATCATGTCACTCTTCAAAACAGGAAAAATGCCTGATGAAGCA 
609 Q H K A I A E A L L K Y E T L D A K 0 I M S L F K T G K M P D E A 

GCGGCAGCAGAAGTACCAGAACCAAAAACATTTGAAGAATCTCTCAAAGATGCAAATGCGAATGTTGATGATTTTTCAAACATTAATATCTATAA^ 
642 AAAEVPEPKTFEESLKDANAMVDDFSNINIYNGO 

ATGAAAAAAUGATTCTAAACCAGAAGAAAATAAGGAAAAATCAGAAGATGMACAGCC^^ 
676 EKTDSKPEENKEIC SEDETAE* 
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Fig. f . For legend see facing page. 
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i;equence is 71 % identical to that of £. ro// FtsH and 31 
amino acid residues are identical among all sequences 
?hown in Fig. 2. 

Localization of L lactis FtsH in the membrane 

A system using TnSphoAl to generate protein fusions 
between the product of a target gene and alkaline 
phosphatase (AP) has been developed to detect genes 
encoding membrane and periplasmic proteins in E. coli 
(Manoil & Beckwith, 1985, 1986). Fusion of AP to a 
periplasmic protein or to a periplasmic domain of a 
membrane protein is essential for AP activity. Selection 
for TnSphoAf insertions in pLN2 (Table 1, contains the 
hrst 441 codons of L, lactis ftsH) resulted in six different 
plasmids (pLN22-pLN27, Table 1) expressing AP activity 
in £. coli. The fusion points between TnSphoAl and 
pLN2 in pLN22-27 were determined by DNA 
sequencing. All the insertions were located in the ftsH 
coding region between nucleotide 467 and 663 (codons 
64-129) (Fig. 1). 

To further analyse the localization of the L. lactis FtsH 
protein in the cell, we carried out Western blotting 
analysis of fractionated L. lactis cell extracts with anti-E. 
coli FtsH serum, which also reacts with FtsH of L. lactis. 
Sonicated cell extracts from L. lactis strain MG1363 and 
DN4302 ftsH: : pLN43 (described below) were 
fractionated into cytoplasmic and membrane fractions by 
ultracentrifugation. The membrane fraction was washed 
with 1 M NaCl and separated into supernatant and pellet. 
In Fig. 3(a) and (b) (lanes 1-3) a SDS-polyacrylamide gel 
of the various fractions of cell extract of MG1363 and 
DN4302 blotted to nitrocellulose and gold-stained is 
shown. No significant differences in the protein patterns 
of the cytoplasmic or membrane fractions of MG1363 and 
DN4302 were found (Fig. 3a and b, lanes 1 and 3), 
whereas, the supernatants of the salt-washed membranes 
differed in protein patterns (Fig. 3a and b, lanes 2). The 
anti-E. coli FtsH serum only detected FtsH from MG1363 
and a truncated form of FtsH from DN4302 in the pellets 
of the salt-washed membrane fractions (Fig. 3a and b, 
lanes 6). 

It is concluded from the results described above, that 
FtsH of L. lactis is an integral membrane protein spanning 
the membrane twice with the region flanked by these 
hydrophobic stretches protruding outside the cell, and 
that it has a large cytoplasmic carboxy-terminal part with 
a putative ATP-binding domain (Fig. 4). Such overall 
features of the L. lactis FtsH topology are consistent with 
those of the E. coli homologue, FtsH (Tomoyasu et aL, 



1993b), except that L. lactis FtsH has a larger outside 
domain than E. coli FtsH. 

Complementation of \ft5H3::kan in E. coli witli ftsH 
of L lactis 

Since the deduced amino acid sequences of ftsH from L. 
lactis and E. coli showed a high degree of identity, we were 
interested to know whether or not the L, lactis ftsH gene 
could complement a ftsH mutation in E. coli. 

The E. coli strain AR423 ^ftsH3\\kan (pAR171//jH r^/' 
Cm^) shows temperature-sensitive growth, because the 
replication of the plasmid pAR171, containing the es- 
sential JtsH gene and a chloramphenicol (Cm) resistance 
marker, is defective at 42 °C (Akiyama et al.^ 1994a). 

The plasmid pLN32 contains the entire L. lactis ftsH gene, 
whereas the plasmids pLN2 and pLN39 contain various 
parts of the L. lactis ftsH gene, all cloned in the vector 
pBluescript KS-h or pBluescript SK— containing 
ampicillin resistance (Ap ) markers (Fig. 5a, Table 1). 
These plasmids were used to transform strain AR423 by 
selection for Ap^ at 30 °C. The strains obtained were 
incubated in LB at 42 for 6 h, and then plated on LB 
agar at 30 °C. The plasmid content of the colonies was 
tested by streaking on LB agar containing Ap or Cm; and 
the possession of the AftsH3::kan mutation was tested by 
streaking on LB agar containing Kan. From trans- 
formants containing the entire L. lactis ftsH gene on 
pLN32, Cm^ colonies could be isolated with a frequency 
of approximately 40-50%, indicating that these had lost 
pAR171, containing the £. coli ftsH wild-type. Such 
colonies were all Ap^ and Kan^, indicating that these 
had retained pLN32, containing the L. lactis ftsH gene, 
and the mutation AftsHJ : : Man. Colonies of transformants 
with pLN2 and pLN39, containing only part of L. lactis 
ftsH, were all Ap^, Cm^ and Kan , showing that no loss 
of pAR171 was obtained. Thus pAR171, and hereby the 
E. coli wild- type ftsH gene, can be lost only from strains 
containing the complete L. lactis ftsH gene. One strain, 
AR3120 A/tsH3\:kafj (pLN32 L. lactis ftsH), was saved 
• for further studies. 

Western blots with anti-E. coli FtsH serum were per- 
formed using extracts of AR423, AR423 containing the 
plasmids in Fig. 5(a) and AR3120 to detect the gene 
products of E. coliftsHznd/ot L. lactis ftsH (Fig. 5b). The 
E. coli FtsH protein could be detected in the AR423 
derivatives but not in AR3120, whereas the L. lactis FtsH 
protein was detected in AR423(pLN32) and AR3120. No 
L. lactis ftsH product was detected in AR423, 
AR423(pLN39), AR423(pLN2) or AR423(pKS + ). This 



Fig. t. Nucleotide sequence of the L lactis ftsH gene. The numbers to the right indicate nucleotide positions ( hpt, 
nucleotides 1-72; ftsH, nucleotides 278-2365, 696 codons). The deduced amino acid sequences of hpt and ftsH (FtsH) are 
shown in one-letter code below, with the translation stop codons indicated by asterisks. The numbers to the left indicate 
the deduced amino acid residue position of FtsH. The putative ribosome binding sites (RBS) and promoter regions (-35, 
-16, -10) are indicated. Two putative stem-loop structures are underlined. The TnSphoAl insertions in pLN22-27 are 
indicated above the sequence. The £coRV sites used to construct the integration plasmid pLN43 are shown above the 
sequence. 



2605 



D. NILSSON ;ind OTHERS 



Ytnelp MMVSKILVSPTVTTNVLRIFAPRLPQIGASLLVQKKWALRSKICFYRFYSEKNSGEMPPKKEAOSSGKASNICSTISSIDNSQPPPPSNTNDKT 92 



LlFtsH MMMMIfQPlgQGMFVKM ILHUVILAlVVWGFNFFF SSNQSSVDICISYSQLMTICLDGMKIEMVTMQPSDSLITVTGEYKEPVICVK^^ 100 

EC F t sH MAKM L ! LULV I AWLMSVFQS , F GPSESWGRKVD YST FLQE VWHDQVREAR I NGRE I NVT KKDSNR 65 

Ymelp KQANVAVSHAMLATREQEANKDLTSPDAQAAFYKLLLQSNYPQYWSRFETPGIASSPECMELYMEALQRIGRHSEADAVRQNLLTASSAGAVNPSLASS 192 



* ** * 



LlFtsH FQAYI IPTDSWimiQWAAlCSMDVICLSWQASSSG MWVQlLSYl IPMLLFVGl FWLMM GGHGARGGGGGGNPHSFGKSRAKQQDGKTSICVRFADVA^ 200 

EcFtsH YTTYIPVQOPKLLO. . - ML L TICMViCWGEPPEEPS LLAS 1 F I SWFPMLLL 1 GVWl F FH RQH . . .QGGGGKGAMSFGKSKARMLTEDQIKTTFADVAGCDE 159 

Ymelp SSNQSGYHGNFPSMYSPLYGSRKEPLHWVSESTFTWSRWVKWLLVFGILTYSFSEGFKYITENTTLLICSSEVADKS, . .VDVAKTN.VKFDDVCGCDE 288 

jgp.^ QYSDIGGLDIC 158 

CQQ^ GYODIGGCRK 220 

TWDOVGGLDE 493 

P3S^p KUGOIGALAN 704 

MSF EKMGIGGLDK 233 

***** ** * G** G*PG*aaL*A * **** ♦ * *G* * * *G*** * R* F A ** ** 

LlFtsH E.KQELVEWDFLKNPK.KYHDLGARIPAGVLLEGPPGTGKTLLAICAVAGEAGVPFYSI.SGSDFVEMFVGVGASRVRDLFENAICKTAPS U 289 

EcFtsH A-KEEVAELVEYLREPS.RFQKLGGKIPKGVLMVGPPGTGICTLLAICAIAGEAICVPFFTI .SGSDFVEMFVGVGASRVRDMFEQAICKAAPC II 248 

Ymel p A . RAELEE I VD FLKDPT . KYESLGGKIPKGVL LTGPPGTGKT L LARATAGEAGVD F F FM . SGSE FDEVYVGVGAKR I RDL FAQARSRAPA II 377 

TBP-1 Q, IQELVEAIVLPMMHKEICFEMLGIQPPKGVLMYGPPGTGICTLLARACAAQTICATFLlCL.AGPQLVQMFia)GAICLVRDAFALAICEICAPS 11 248 

CDC1 Q.HAQIREMVELPLRHPQLFKAIGIKPPRGVLMYGPPGTGICTLMARAVANETGAFFFLI .NGPEVMSKMAGESESNLRKAFEEAEKNAPA H 310 

CDC2 1 .KEELKETVEYPVLHPDQYTKFGLSPSKGVLFYGPPGTGKTLLAKAVATEVSAMFISV.KGPELLSMWYGESESNIRDIFDKARAAAPT. W 583 

Pasip A.KDVLLETLEUPTKYEPIFVMCPLRLRSGILLYGYPGCGICTLLASAVAQQCGLMFISV.KGPEILNICFIGASEQNIRELFERAQSVKPC IL 794 

NSF EFSOIFRRAFASRVFPPEIVEQMGCICHVKGILLYGPPGCGICTLLARQIGICMLNAREPKVVNGPEILNKYVGESEANIRKLFADAEEEQRRLGANSGLHII 333 

**DE D* * R ***** *** 0** * * *T* *D A* R*GR** * * p** *R ** * 

LlFtsH FIDEIDAVGRQRGAGLGGGNDEREQTLNQLLVEMDGFQDDGNSVIVIAATNRSDVLDPALLRPGRFDRKVLVGAPDVKGREAVLKVHA KN.IC 380 

EcFtsH FIDE1DAVGRQR6AGLGGGHDEREQTLNQMLVEM0GFEGN.EGIIVIAATNRPDVL0PALLRPGRFDRQVWGLP0VRGREQILKVHM RR.V 338 

Ymelp FIDELDAIGG*CRNP. , .KDQAYAKQTLNQLLVELDGFSQT.SGI 1 1 IGATNFPEALDKALTRPGRFDKVVNVDLPOVRGRADILICHHM KK. I 464 

T8P-1 FIDELDAIGTKRFDSEKAGDREVORTMLELLNQLDGFQPNTQ.VKVIAATNRVDILDPALLRSGRLDRKIEFPMPNEEARARIMQIHS RK.M 338 

CDC1 FIDEIDSIAPICRDICTNG..,EVERRWSQLLTLMDGMICARSN.VWIAATNRPNSIDPALRRFGRFDREVDIGIPDATGRLEVLRIHT KN.M 397 

CDC2 FLDE LDS I AKARGGSLGDAGGASDRWNQLLTEMDGMNAKKN . VFVI GATNRPOQ lOPA I LRPGRLDQL I YVPLPDENARLS I LMAQL RK. T 673 

Pasip FFDEFDSIAPKRGH.-.DSTGVTDRWNQLLTQTOGAEGLDG.VYILAATSRPOLIDSALLRPGRLDKSVICNIPTESERLDILQAIVMSKDIQTG^^^ 890 

NSF IFDEIDAICKQRG.SHAGSTGVHDTWNQLLSICIDGVEQLNN.ILVIGMTMRPDLIDEALLRPGRLEVICMEIGLPDEICGRLQILHIHTARM RGHQ 426 

** * *** GA***A*** *♦ * ******* * * * 

LlFtsH PLASDVOLHMVATQTPGYVGADLEMVLNEAALVAARQNKKEIMAADIDEGMDRAHAGPAICKDRIQSMREREIVAYHEAGHAIVGLVLENGSTVRm 480 

EcFtsH PLAPOIDAAI IARGTPGFSGADLANL\rtlEAALFAARGNI(RVVSMVEFEKAKDICIMMGAERRSMVMTEAQKESTAYHEAGHA! IGRLVPEHDPVHKVTIIP 438 

Ymelp TLADN\roPTIIAR6TPGLS6AELANL\rtlQAAVYACQlCNAVSVDHSHFEWA<DKILMGAERKTMVLTDAARKATAFHEAGHAIMAICYTN6^^ 564 

TBP- 1 NVSPOVNYEELARCTODFNGAQCKAVCVEA 368 

CDC 1 KLADDVDLEALAAETH6YVGAD I ASLCSEA ^27 

CDC2 PLEPGLELTAIAPCATQGFSGADLLYIVQRA 703 

Pasip ALEKNADLKLIAEICTAGFSGADLQGLCYNA 920 

NSF LLSADVDIKELAVETKNFSGAELEGLVRAA ^56 

*** * ** ********* ** *** * * * * 

LlFtsH RGRIGGYMLALPDEEIM0PTNFHLQDQLASLHGGRL6EEIVFGVA..TPGASNDIEICATHIARSMVTEYGMSICICLGMVSY.EGDHQVFIGRDYGQTICTYS 577 

EcFtsH RGRALGVTFFLPEGDAISASRQKLESQISTLYGGRLAEEIIYGPEHVSTGASHOIICVATNLARNMVTQWGFSEKLGPLLYAEEEGEVFLGRSVAKAKHMS 538 

Ymelp R6RALGITFQLPEMDKVDITICRECQARLDVCMGGICIAEELIYGICDNTTSGCGSDLQSAT6TARAHVTQYGMSDDVGPVNLSEN. . . .WESWS.MKIRD. . 657 

***** * *** ** * 

LlFtsH EATAVMIDDEVRRILGEAYORAKEAIETHREQHICAIAEALLKYETLDAKQIHSLFKTGKMPOEAAAAEVPEPKTFEESLia)ANAN\rt)DF.SNINI^ 676 

EcFtsH OETARI IDQEVKALIERNYNRARQLLTDNMOI LHAMKDALMKYETIOAPOIDDLM ARRDVRPPAGWEEP. .GASNNSGONGSPKAPRPVOE 627 

Ymelp lADNEVIELLKDSEERARRLLTKKNVELHRLAQGLIEYETLDAHEIEQV CKGEKLO KLKTSTNTVVEGPDSOERKDI GD 736 

* 

LlFtsH KTOSKPEENKEKSEDETAE 695 

EcFtsH PRTPNPG.NTM.SEO 

Ymelp DKPKIP...TMLNA 747 



Fig, 2. Amino acid sequence alignment of L lactis (Lt) FtsH, £ coli (Ec) FtsH, Ymelp and the conserved domains found in 
L lactis FtsH (residues 191-410); TBP-1 (Nelbock et ai, 1990); CDC48p (CDC1, CDC2; CDC48p contains two conserved 
domains) (Frohlich eta/., 1991); Pasip (Erdmann eta/., 1991); and NSF (Wilson eta/., 1989). 54 of the 26S protease, MSS1 
and SUG1 resembling TBP-1 (Dubiel et a/., 1992; Shibuya et a/., 1992; Swaffield et a/., 1992), VCP and p97 resembling 
CDC48p (Koller & Brownstein, 1987; Peters et a/., 1990), and SecISp resembling NSF (Eakle et ai., 1988) also contain the 
conserved domain (not shown). Identical amino acid residues found in these sequences are indicated in boldface type 
above the sequences. Identical amino acid residues of L. lactis FtsH, £. coli FtsH and Ymelp are indicated by asterisks. The 
two putative membrane-spanning sequences of i. lactis FtsH and £. coli FtsH are underlined. 
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fig, J. Localization of L lactis FtsH in cell fractions. 
Fractionation of extracts from MG1363 and DN4302, and 
treatment of membrane fractions with 1 M NaCI were done as 
described in Methods. Electrophoresis of the cell fractions on an 
SDS-polyacrylamide gel (a and b) was done, blotted to 
nitrocellulose and gold-stained (lanes 1-3) or subjected to 
Western blotting with anti-£ coli FtsH serum (lanes 4-6). 
Positions of molecular mass reference markers, FtsH and a 
truncated form of FtsH (FtsH') are indicated. All other bands are 
a result of unspecific binding of the secondary anti-serum used 
(control not shown), (a) Lanes: 1 and 4, cytoplasmic fraction of 
MG1363; 2 and 5, supernatant derived from membrane fraction 
of MG1363 washed with 1 M NaCI; 3 and 6, pellet derived from 
membrane fraction of MG1363 washed with 1 M NaCI. (b) 
Lanes: same as (a) except extract from DN4302 was used. 
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fig, 4. Deduced topology of the L lactis FtsH protein. Numbers 
indicate amino acid residue positions. Shaded boxes illustrate 
putative membrane-spanning regions. The encoded FtsH-PhoA 
fusions of pLN22-27 that results in AP activity are fused at 
positions Indicated by triangles. The region with similarity to 
the conserved region of the AAA-protein family is indicated by 
an open box. This region contains the ATP binding motifs. 



demonstrates that AR3120 was able to grow without the 
essential E, co/i/tsH gene product when containing the L, 
iaais ftsH gene product. The plasmid pLN2 encodes a 
truncated L. iactis FtsH protein containing the epitope for 
the anti-£. coii FtsH serum, when transcribed and 



fig, 5, Immunological detection of L lactis FtsH and £. coli 
FtsH. (a) The lines represent L lactis chromosomal DNA 
fragments cloned In pBluescript KS-f- or SK-. The restriction 
enzyme sites shown are: E, fcoRI; H, H/ndIM; M, Mbo\. The 
location of the L lactis 'hpt and ftsH genes is Indicated by 
hatched and shaded areas, respectively, (b) Western blot. The 
FtsH proteins of L lactis (LI) and £. coli (Ec) were detected using 
antl-f. coli FtsH serum. The positions of L lactis FtsH and E. coli 
FtsH are indicated to the left. Lanes: 1, AR423(pKS-i-); 2, 
AR423(pLN39); 3, AR423(pLN2); 4, AR3120; 5, AR423(pLN32); 6, 
AR423. The molecular mass reference markers are indicated on 
the right. 



translated in vitro (Nilsson & Lauridsen, 1992; data not 
shown). This truncated FtsH was not detected by the anti- 
E. coli FtsH serum in the Western blot, possibly due to 
rapid degradation in vivo. 

£. coli AR3120 showed temperature-sensitive growth in 
that it could grow at 30 °C and 37 "^C but not at 42 °C. A 
B. stibtilis mutant with a salt-sensitive phenotype has been 
shown to be impaired in a putative homologue of JtsH 
(Geisler & Schumann, 1993). AR423, AR423(pLN32) and 
AR3120 were tested for growth on LB agar plates 
containing 4% (w/v) NaCI. AR423 and AR423(pLN32), 
but not AR3120, were able to grow on this medium. 

Construction of a L \acth ftsH mutant 

A 1-3 kb EcoRV fragment of pLN32, containing an 
internal part of L. lactis ftsH (Fig. 1), was cloned into the 
L. lactis integration vector pV2 giving pLN43 (Table 1). 
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Fig, 6. Growth of DN4302 and MG1363 at various NaCI 
concentrations. MG1363 (a) and DN4302 (b) were grown 
exponentially in Ml 7 medium and then diluted twofold in Ml 7 
medium containing 0% (■), 4% (•) or 7% (A) (w/v) NaCI 
(final concentrations). 



Transformation of pLN43 into L. iactis strain MG1363, 
selecting for erythromycin resistance, resulted in strain 
.DN4302 /tsH::pLN43. The integration of pLN43 into 
ftsH of DN4302 was verified by Southern hybridization 
analysis (not shown). The construction of DN4302 
indicates that the ffsH gene is not essential in L, Iactis or 
that the truncated form of FtsH encoded by the disrupted 
ftsH gene (Fig. 3b, lane 6) is enough to retain any essential 
function. DN4302 and MG1363 were tested for growth 
on M17-agar plates containing 4% or 1 % NaCI. MG1363 
could grow at both 4% and 1 % NaCi, whereas DN4302 
grew slowly at 1 % and not at all at 4 % NaCI. Fig. 6 shows 
the growth of DN4302 and MG1363 at various salt 
concentrations in M17 broth, MG1363 grew at 4% NaCI 
after a lag phase of about 2 h, whereas DN4302 at 4% 
NaCI showed almost no growth. No growth of either 
strains occurred with 7% NaCL DN4302 and MG1363 
were also tested for growth on Ml 7-agar plates containing 
0*5 M sucrose. Both strains appeared to grow equally well 
on this medium. 

Growth at 38 °C, 30 °C and 16 °C on Ml 7-agar plates was 
also tested. DN4302 only grew at 30 *^C, whereas MG1363 
grew at all temperatures. However, incubating DN4302 
anaerobically restored growth at 38 °C. 

Homologous genes in other bacteria 

A 1-0 kb HwdUl-Kpnl fragment (nucleotides 667-1600, 
Fig. 1) was used as probe in Southern hybridization 
analysis with Jr^I-digested chromosomal DNA from 
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various bacterial strains (Fig. 7). Single chromosomal 
bands can be detected from the Gram-positive bacteria L. 
lac/is, B. suhtilis, Leuconostoc sp. and Lactobacillus sp. (Fig. 7, 
lanes 1, 3-8). With £. co/i DNA only a very faint band was 
detected (Fig. 7, lane 2). Under the same experimental 
conditions, homology to hpt, using a ipt probe, was only 
detected in L. iactis (results not shown). 

DISCUSSION 

The //jHgene of L, Iactis was cloned and shown to encode 
a transmembrane protein with putative ATPase activity. 
The deduced amino acid sequence indicates that FtsH 
belongs to the AAA-protein family of putative ATPases 
containing several members of eukaryotic proteins 
(Erdmann aL, 1991; Kunau et al., 1993) and also 
includes the membrane protein FtsH of E. coli (Tomoyasu 
et al., 1993a, b). FtsH from L. Iactis and E. coli seem to be 
homologous proteins based on the high similarity of the 
amino acid sequences and that the L. Iactis ftsH gene can 
complement certain defects of an E. coli AftsH3::kan 
strain. Southern hybridization analysis of various Gram- 
positive bacteria using L. Iactis ftsHzs probe suggests that 
homologous genes exist. In B. sub tills a putative ftsH gene 
has been located on the chromosome of B. subtilis adjacent 
to the hpt gene (Geisler & Schumann, 1993; Ogasawara et 
al.^ 1994), indicating a similar arrangement of hpt and ftsH 
as in L. Iactis. It seems from these results that ftsH genes 
are widely conserved in bacteria. 

The function of FtsH is unknown. Our' L. Iactis ftsH 
mutant and the B, subtilis ftsH mutant (Geisler & 
Schumann, 1993) were constructed by a Campbell-type 
integration with an internal gene fragment. This should 
inactivate the genes. In E. coli./tsH is essential for growth. 
Since the resulting mutants are viable, it is possible that 
the ftsH genes are not essential in L, Iactis and B. subtilis. 
However, in at least L. Iactis, the truncated form of FtsH 
produced by the mutant DN4302 may still retain essential 
functions. 

The L. Iactis ftsH mutant DN4302 is impaired in salt 
tolerance and other stress responses, and shows a different 
pattern of membrane-associated proteins compared to the 
wild-type strain (Fig. 3, lanes 2). These phenotypes could 
be explained by an improper assembly of membrane 
proteins, some necessary for the salt tolerance, caused by 
the ftsH mutations in-L. Iactis. In £. coli the maturation of 
penicillin binding protein 3 (PBP3) and ^-lactamase is 
dependent on FtsH function, in that post-translational 
processing at the C-terminal part of PBP3 seems to be 
defective and accumulation of the plasmid-encoded pre- 
cursor of ^-lactamase in the cytoplasm was observed in the 
thermosensitive ftsH1 mutant of E. r<?//(Begg et aL, 1992; 
Tomoyasu et aL, 1993a). Analysis of several newly 
constructed E. coli ft sH mutants encoding FtsH variants, 
including C-terminally truncated forms with dominant 
phenotypes, suggests that FtsH is involved in assembly/ 
folding of proteins into and through the membrane and 
that FtsH is needed to assure efficient stop-transfer of 
some membrane proteins (Akiyama et al., 1994a, b). 



ftsH of Lactococcus lad is 
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fig. 7. Southern hybridization of an internal part of the L lactis 
ftsH gene to chromosomal DNA from various bacteria. Lanes: 1, 
i, lactis CHCC285; 2, E. coli XL-1 Blue; 3, B. subtilis 168; A, 
ieuconostoc mesenteroides DB1165; 5, Leu. oenos LOP89005; 6, 
Lactobacillus plantarum LP2T1G; 7, Lactob. acidophilus LA2753; 
8, Lactob. lactis CH-2. Molecular mass markers are shown on the 
right in kb. 



However, how FtsH is functionally related to these 
phenotypes is not known. Recently it was shown that a 
bJIB mutation in E. coli causing increased lysogenlzation 
frequencies of bacteriophage k through a reduced degra- 
dation of the cl\ protein, is located in ftsH^ and the 
HflB/FtsH protein has been suggested to be an energy- 
dependent chaperone and/or protease (Herman et al., 
1993). Other members of the AAA-protein family are also 
involved in proteolysis, e.g. subunit 4 of the human ATP- 
dependent 26S protease, and it was proposed that other 
eukaryotic members such as Tbpl, Sugl and MSSl are 
also subunits of the 26S protease (Dubiel et aL, 1992). 
Taken together FtsH might function as a chaperone 
and/or a protease although no direct biochemical evi- 
dence for these functions has been reported so far. 
Comparative biochemical and genetic analvsis of FtsH 
rrom L. lactis 'xnd E. coli will provide better understanding 
or the biological significance of FtsH, if it is a chaperone 
or a protease, and what are its substrates. 
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We have subjected 12 different codons of a synthetic 
LactobaciUuB easei thymidylate sjrnthase (TS) gene to 
saturation sitfr^directed mutagenesis to create amino 
acid "replacement sets^ at each of those iimitions. The 
target residues were. chosen because thi^ are highly 
conserved and because they are Important for . the 
structure and ftlnction of the protein as indiciatBd by 
solution and structural studies. The lautagenesis pro- 
cedure involved excision of a fragment of the synthetic 
gene containing the t&.^et codon, followed by its re- 
placement with a mixture of oligonucleotides wliich 
code for all 20 amino ecfds and the^unber stop c^on. 
TiS mutants, wereridentiilied by DNA sequencingt and 
catalytically aetiye mutants wejre identified by jBTencliic 
complementation using a Thy* strain of 'E^AerfcAja 
. eoli. Only 3 of the 12 target aininb acldci e^camin^ 
were essential: for . TS activity; and 6^ the 125 total 
mutants identified, 57 were catalytically iustive; T^ 
results ,pbiht - 16: a ihigh degreed of plc^icity of TS'in 
accommodating function with flttructural ch^ge'. % 



Thymi<fylatei synthf^ 
deoxyuridylate;.(dUMP) and 540-methyienetetrahydrofolate 
to 2^:d€oxythymidylate (dTMP) and dihydrofolate, f S is Uie 
sole! de noup source; of dTMP, iand there Ju^ been' 
interest in studies of itk structure^ fimotion; and inhibiti^^ 
Ir part, the intefest in TS results &oin the la^^ amount of 
information on this eiusyme which now exists^ The enzymOl- / 
ogy of TS.bas been extensively stu^ed^.ajad detaib:alK>ut it8 
mechanism andinhibitipn sae weU.undezstccd tie . 

piiniaiy sequehtes of TiS from sojme 16. sources have. 
detennined imd' have revealed that it is the one of ^ most 
conserved proteins known (2]f; the siniikmty dmong TS 
quences implies a' functional inq)bftance foit: th^ dooderyed 
residue. Finally; the z-ray structures of the I^toteci^ iiasei 
TS Pi coihplex and the Escherichia cb^R .TS-dUMP .lO-pro- 
parjgyl-53^dea%folat^ (CBd717) ternary' ironiplek hkve pro- 
vided insifl^t abcMit the possible roles of specific residues.df 
the protein (3-6). - : ; ^> ■ ! 

Thus Car, mutations of key residues of TS'have provi<fed 
unexpected results. His*.", a putative general base catalyst (6, 

* This work was supported by United States Public Health Service 
Grant CA14394 and the TDR/Rockefeller Foundation Joint Venture. 
The costs of pubbcatioii of this article' were defrayed in part by the 
payment of page charges. This article must therefore be hereby 
marked '^advertisement"* in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact 

1 Senior Fulbr^bt/Spanish Ministry of Education and Science 
Scholar. 

I To whom reprint requests should be addressed 
' The abbreviation used is: TS, thymidtylate synthase. 



7), and Arg*'®, a substratefhinding residue (8), coiild each be 
si^ituted by severkl different residues linthout large Effects; 
oh binding or catdys^; even the Cys involved in nucleophilic i 
catalysis coiild mbdlified to Ser a^d still retain activity, 
albeit severely djminkh^^ From s^^ 
, became ^cautibysal^^ : 
of one or ^ feyt mutantB: Iiistead, we> adopted a plan to.produc^ I 
all possible mutants at a residue of interest wd devel6ped ^ 
screening methods for various properties to reveal mutants of . 
interest. 

In tbi^s report, we :^de8^^ strategy and preUminary^., 
results of an apprpac^ undsrstanifcg the stru^ 1 
by saturatipii site-directed mutagenesis. The mikations wero 
^constructed % cassette mutagenesis using an A 
sion vector that carries a synthetic jL casei TS geiiie with over ; 
30 unique restriction sites A?) The nautagenic DN A caisjstettes - 
contained mixtures off 32 cbdons; that encode.20;aminb acjds • 

. aiid the eu^ber (TAG) stop: codon at the tfiirget^8ite :<10^^^^^^^^^^^ 
"I^placemeiittf Mts"iw e&h 6ff 12 

target amino acids were replaced by a large number of sul)8ti- 
tutions/and a coD^ptementation assay was' used; to rapicily 
screen for mutant^ that were catalytically active ISnd thus of 

- more interest'for further study.^: ; : i '^^.'j V " 

= \::^MATERIALS;.A METHODS ^'/:^V:: ^ 

iUstrictioh endonucleases and T4 ligisise were purchased from New : , 

; En^and BioLabs and Bethesda Research Laboratories aund . were lised, 
as recommended. The Sequenase DNA sequencing kit was purchased 
from.U, S. Biodxennci^ Corp. The E. cotf strains, used were^TB-l ^ 

, (08OlacZAMl5;,ara. 4(1m 0. fialdwin/c 

(Texaa A & M,.C6Uege Sua6n; TX)^^m^^ x2913 j6ithyA57^) ; ' 
from R. Thbmn}8oii'(Univeraity b^^^ Giaagbw, UnitM:Kingdom)J uii- ^\ 
gotucleotid^ were/synthesized at the UniVersity -prCtdifoniia-Sa^ 

. Francisco Biomoleoilar/ Resoiirce 'Center an Applied - Bioays-v: « 
terns 380B DNA ^thesizen uitylated oligonucleotide mixtures were J; 

, purified. aiid de-tritylated pn Du Pont-New England: Nt^ S; 
SORB.Piep cartri<^ xiihg thy reiDommen^ 
turer. GenWal ihethbds for plasmid purificattoii, ^sulKjioiuii^; and 1 
biurterialiransfbn^ '■['}:;^^' ^ 

/n uitrd^sette mut4igehe8i8 wa^^ 
gene carried on the plasmid pSCTS9 (7). In some cases^rpSCTSS was ' 
urst inodiped fay:8ubBtituting a Id-base nunUKliug sequence contain- 
ing uiuquejybdsjid:5pAl8^ the fragment, coiitaiiiing the target ]^ 
codon; tiu8 eliminates .^ aUows' fpr selective ' 

d^truction of the parent pkamid and resultant increase' ih'miitagen- 
esis efficiency ( 14). Methods for the construction and characterization ^ 
of the TS mutants were as described (7). Short fragments of the TS 
gene containing the target oxlon were r^laced with a synthetic DNA 
duplex presenting a mixture of all four bases at the first and second 
positions of the target codon and a mixture of G and C at the thirds - 
position. The plasmids from the Ugation mixture were used to trans- 



'The use of a series of amber tRNA suppressors and genetic 
complementation to construct and characterize a large number of 
mutants of E. coU TS was reported after this manuscript was submit 
ted (16). 
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form E. coU TB-1» and plasmid pools were transformed into E. coH 
Thy' x^Si3, Individual plaumidu were twice nj-ttansfonn^d into 
x29l3 and sequenced. CatalyUcally active substttutions were identi- 
fied by screening for the ability of 'Chy" x291d cells harboring the 
mutant plaamlds to grow on minimal agar lacking Thd and were 
again characterized by DNA -^qvencing. 

RESULTS AND DISCUSSION 

The amino acids targeted for mutagenesifj were chosen 
because they are highly conserved and because they have 
putative roles in substrate or cofactor binding or in catalysis, 
as detennined by solution or structural studies (Fig. 1). The 
strategy used in the construction and characterization of the 
replacement sets is outlined in Fig. 2. Following ligation of 
oligonucleotide mixtures and initicd transformation, colonies 
were, pooled, and the mutagenized plasmid DNA pool was 
tecovered and used to'tifu^ £. coii Thy" x2913^^t^ 
.cillin resistance.^ Individual m^I^nts vrere ident^^^ 
sequencing; and the'r^^^ to re-trans- 

form x2913. Plasmid DMA from the secondary x2913 trcu^^ 
fnrmAntfl Ws again;saqu^^ and tested for 1^ activity as 
described belowl Passage of the mutagehized DNA mixtures 
through several rounds of transformatioii ensured segregation 
and/or repair of the heter^duplex DNA molecules that were 
created during the cons^niction of the mutants. It . was not 
practical to identify all possible mutants in a replacement set 
by this strategy, which woiJd require sequencing; of qvpr 160 
clones to obtain a 95% confidence level of obtaining a com- 
plete set Generally, 20-30 isolates of a replacement set were 
sequenced to give 10-15 different mutEint^ of a given residue. 




I Tyr26l \ 



, Fig/ 1..; Amino acid residues of TS targeted for matagenesis 
depictecl hear the sites of interaction with dlJMP. - - s Hydro- 
gen Iwiidiietweenyal^® arid Arg^. v. ; ^' • 




S2codon3 • 
20 amitto adds 



Sequence; screet^select for active 
irajtants in TS-dsSdentceSs 



Fig. 2. Strategy for saturation site-directed mutagenesis of 
synthetic TS gene and Identification of catalytically active 
tnatants. A fragment of the TS gene between any two restriction 
sites is removed and replaced by a mizture of oligonucleotides con- 
Uining NNG/C at the target ccdcn. Tlie resultant plasmids are 
sequenced and screened in E. coli Thy' cells for catalytic activity. 
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An important step in our strategy involves the iden^fic^i- 
tion of catalytically active mutants 1^ genetic conqileinenta- 
tion of B, coli x2913, which is defident in TS. Individual 
mutant isolates were grown uniter nonselective conditions 
and tiien patched onto minimal agar lacking Hid. CeO growth 
in the absence of exogenous Thd identifies nuitants diat 
express catalytically active IS. Mutants wisre scored for full 
growth* weak growth, or no growth. A oonqrazisoh of the 

. specific activity (data ,not iahpwn) of in cr^ extra|(^ 
from a variety of mutants indicated ^t a specific activi^ of 
'-O.OOZ ^unol mih"? mg"' (0.001-0.^ ^oror min~^ m^*) la 
necessary for complementation of x2913; thifi porresponda to 

^1% of the activity of cells harborinjg Ae parent plannid 

pscTS9: , ; ; \^ • 

Sodil^n dpde^ sulfate-iralyaciylaflu 
analysis of cett extracts showed timt TS was e^i^sed at 
levels of 5rr30% of this ,totd mIiA^ protein, for all inutante 
except funber e^)8ti^^^ latter were^ j^ 

sb<liui|pi ;dod gel ^ecfrophoiems, 

exWpt for; th^. c^^ of the VftP^ 

cbdon. Thus, tue obheuoe of catmylic activity ia not due to a 
lack of production or stability of the <fi£ferent mutants. 

The amino acid replacement sets obtained from mutagen- 
esis or^the TS . residues studied- arO: shown, in Fig. 3; Tie 
preliminary results and concluaiocs^ere.descr^ted below. Oi- 
relates withocrit^y stracto refer to the structures^f the TS- 
Pi con^lex ;(3) ot K co/rTO. dUM?-CB37lt' tOTi^ 
complex; (4K V *■'' \[ ;. : ; \ >v*'h ::. • - - 

Pro^^ is conserved in 14 of :16. reported TS sequenc^ with 
Ala in £. coti TS and Thr in ^IdT TS as known replacements. 
IThe side chain of Prp^^ is directed toward ^the 5'-pho8phate 
of the dUMPrbinding site, and the carbonyl oxygen is hydro- 
gen-bonded to a guanidinium nilsogen of the conserved Arg^. 
We obtained 13 mutants, the parental CCG Pro codon, and 
the amber codon at position 1% after.sequeiicing'l^ clbne^^ 
By complementation, all 1^ of the mutants were active, with 
12 scoring as highly active and 1 as marginaL ~ . ' -^ . 

Pro^^ is a completely, conserved residue in all reported TS 
sequences. It resides on jS-strand iv, which partially lines the 
active site, AsVwith Pro*®®, the cajrbonyi oxygen! is hydrogen- 
bonded to Airg^*^ and may play a role in : cbhtrollupig. the 



conformation of tiie. catalytic^ thiol of the adjacent pys . . 
After seque^mg 31 Pro^^ mblants,^ W 
acid substil^tioi^, the^amber 8^ ootdoh, dud theyc^ 
codon, which is synonymous with the pafvutal CCC codas. 
Eight of the mutants were highly active, four scored margin- 



Pro 196 
Pro W 
Cyo m 
HI* i» 
Tyr 146 
TVT 251 
Aim 229 
Aia 23 
AfQ 178 
Afg 179 
M92I0 
V«l 316 



*A Sf t C M P N Q y L I F Y^W D B H R K. 



J eo 

MG a _ _ 

OGOO® .0 00 00000 0 

Odd AO 00 oeoo 

0000 #00000 ©00000 . 
• oo« eo#e« o 

o 00 o© 
oo o 0000 00 ©• 

pooo 000 000080S0 
o©a©©©e© ©• 000 o# 



. 9 eAe»M(lto100«) ©BSiel:(0.1t»l«) QmOtit 

Fio. •3.'2tesaIt80fcoiBplemeotatioa8Gi«eBormotaiit»inTS- 
deficient cells. •, full growth of colonies hartionng plasmids; O. 
poor gionth; O, no gnnvth. The wild-type mutants iscdated are 
indtcoteii by to within the ciides. The Aig"^ mutanta were derived 
from single-strand mutagenesis experiments (8). 
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ally aciuve, and only one was inactive by complementation. 
The fact that Pro^^ can be replaced with such a wide variety 
of residues is surprising since it is buried and is completely 
conservtd in all TS sequences. 

Cys*^ provider the catalytic nucleophile of TS and is com- 
pletely conserved. The catalytic thiol is 3.&r4.6 A from the 
guanidinium group of Arg^^^ and could form an ion pair which 
contributes to reactivity, of the thiol. We isolated 11 dlfTerent 
substitutionB, the synpnymo*is TGC Cys codon, and the amber 
mutant after sequencing 22 clones. The Ser and Gly mutants 
were made individually since we failed' to readily obtain these * 
mut^ts from the initial plasmid mixture. None of the Cys!^ 
mutants could complement E, coll Thy* cells, a result which 
is not surpriaiiig considering the crucial role of Cys'^ in 
catalysis. T^ese observations contrast with those reported for 
E! coli TS (9), wheriB the corresponclmg Gys-to-Ser muta^ 

-^complemented a TS deficiency in ^.^jco^^ aiid the purified 

" ehxyme had '^01^06% of t>*e activity of wildrtype ,TS. We could 
not detect Activity 1^^^ of the L'co^erSer*^^ mutant^; • 

'jperhkpis the J^. coU and £: casei enzymes differ in their abilities 
to'accoinmodate tl^^^^ A: .^r , 

His^^ is conserved in all reported TS sequences, except for 
the enzyme from bacteriopua^ ^T, where the corresponding 
residue is Val. His^^ lies in che active-site cavity and» firpm 
thi^'cry^tid £^tu<^uresV was considered as the'only oindidkte 
for a putative general acid/|ba£e catalyst to assist the removal, 
of thelC-5;ipiii>t(>n from dUSlPXS); However, th^'^iinid^leJs, 
tiro far (5^ A) from H-5 of dUMP ^ att directly in 

: transfer, sUthough it cpiild do so, through a ^ h^ 
moiectde of the '4-bxygenj6f:dUMP ^{^ ,We 
isclaU^ 16^mut£^ from some '40 clra 

Five were fiiUy active,- and one shbwied' mar^ activity: in * 
the cpmpleinentatioh 0S8ay. While this wpric wan iin pro 
Dev et al (6) reported simUar observations at the correspond- 
ing His of E/co/iTS.'T^ six catalyticiaUy active mutant 
found at position 199 seem to rule out (fis^^ as an essential 
general acid/base catalyst, and there are ho cufieht alterha- ' 

• tive candidate residues to serve this function, v V : ' ' ' ^ 
' Conserveii Arg residues at positions 23; 178, 179,'and . 218 

> form a positiy^y charged binding siiif ace for the 5'^ph6spliate; 

' of dUMP (3?4); Five of the guahidine^NH ^ups'are within 
£^r6priaie distance {2;5-3.2 A) to provide hydrogen bonding 

; or electost^ of the phdsjihttte am 

vCi);* ReCfenfly^^^TC^ that Ar^^'?. cm; ben^^ 

auiudo acid^as diverse^ Ala and G iu v?ith6dt'df aiaati^ effects' 

v.on binding or ^talysis. For Arg*.'*: after s^encihg 30 cloh^,- - 
we'uotiftted^lO m the amber codon, and thr^ synony- 
mous Arg cbdons. Two mutants were fully active In the : 
cpmplementation assayl After sequencihg'ril-clbnes; we ob- 
tained foiir mutants, the amber codon, .fimd two synpnymiqus 
Arg;codons at position 23; none of th<e mutante were aictive 

;by '.the' C6mpl«mentati6n assay. For Aig^^®3 we^ isolsite^^ 
axninp add itfutations and the parentsd Arg codph-at posi^^ 
2t8'after setpiencing 30 clones; sequencmg 

-clones, provided no additional mutante.' None of the m^ 
were active in the complementation assay. Tiius, of the 4 Arg 
residues involved in phosphate binding; only Argf and Ar^^^ 
have thus far been shown to be essential; 

Tjrr*^ is coihpletely conserved and is located near His?*^ 
and, Asn*^ in ^the three-dimensional striictuie. such that it 
might interact with dUMP. In the initial mutagenesis of T^^^ 
with mixed oli^nucleotides, we only obtained small deletion 
mutations (1-^ base pairs). This probably occurred because 
the codon for Tyr'^ is located only 2 base pairs from the end 

^ S. Clisic, L. Ruii- Peres, D. Gonzalez- Pacai!Ow«M: P. Pranun- 
wattana, S.-W. Cho. R Strom], and D. V. SanU. unpublished data. 



of the mutagenic cassette (7), limiting the ability of the 
mismatched oligonucleotides to anneal pioductively. We re- 
peated the experiment using a DNA cassette in which the 
bottom strand contained inosine at the three positions encod- 
ing Tyr^^ and the top strand carried the codon mixture NNG/ 
C (12). Using this approach, we isolated 3 of the 20 possible 
amino acid mutations, the parental Tyr, and the amber codon; 
the three mutants were active by the complementation assay. 

Tyi^\ is- a completely .conserved residue which forms a 
hydrogen bond to the 3'-hydroxyl of dUMP in the ternary 
complex.. We isolated 14 amino acid mutations, the wild-type 
Tyr, and-the amber codon at position 261 after sequencing 41 

. clones. .0f che8e, only the Met mutant was active by comple- 
mentatioii. ' , V • - . 

Asn^ is completely conserved and lies in th^ highly coh- 

. served^ hydrophbliic J-helix^wLlch forms' the core of TS; In 
the ternary JB^cpii TS.dUMP GB3717 cbnip^^ Aanf inter-. 

. acts .with bbiind dUMP via hydrogen bonds tietweeii^ t 

y oxygen of Asn and NHri and '^ 

^ 0-4! We isolated ?! of the -20 

the parehtdlAsn, md the aihber codon after' sequencing 13 
clones. Five of these were active by complementation. 

The carboxyl terruinus of most TS sequences is Val, al- 
though lie. Leu, and Ala have been found. It appears that.the 
carboxyl^tenninfid^ i^^>brtant to TS sinte renioval ' 

. of Val^*® in;L.V<:^ of?' 

. folate, cofectpr b^ and catdytic actiyi^ 
ingly; on forad^^^ 

residues^cundei^^l^a : 1 ; movement towanl. tlie ; active [Ape 
where they: a|}|>rp^ ihevlplate analog (4 jf. The terminal 
vVal^!?ci6oxytt»^^L to/tfceriMsential^^^A^ 
and conseTOd T^^ pirobably st£j}iii2e;t|Le*^^^ 

We isolated i4 ^amino a^^ mutations at j^ition 316, Jthe^ 
. wild:type Val, 9Tid the ,amber codon after .sequencm^ 29 
clones." Of I^iese, itiine were artive by 
, expected,' the amlkir iaiut^nt 1^^ terminal residue 316 was 
not ac*iy^.by the^TO assay. : * ] . ; , * } ^ V 

„ , AVe , Myej .described a simple strateg^r, for satiiratipn miita- , 
genes^ of any residue of /TS and for the rapid idehtificalioh . 
5f mutante whJch are ca 

of a syntheiiicl ^^^ a^;inixture;Qrd^ 
/ niicleotideV whiC^^^^ 

, of indiindual mujtanU, a -c^ usmg JSr^ 

deficiepi E.^ooJi rc^idly identifies those, mutants with^aUlyti , 
activity.^ -'7 \, i . 'v; \ . 

The important comjpiooents of the approach we, haye U8«d 
which ^make it generic include the fbj[lowing!^(a) A'synthetiC: 
gene with cpnyeni^ntly pLaced, unique restrictiph sit^s permits.;.^ 
^mutagenesis: at ; w at nearly iOO^ ^rnutagenesis: 

effidency. ^ Av mu^ which ^alsc. serves as a 

high cspreMion^vector avoids further subclo^ng;,<c) A selec-.; 
tion systemiorthe d^ penj^tsira^i^^^^^ 
tion ofmutwte of intere^^ - .i - . - . V ' 

. We hayemade.replacement sets of amino kcid suSstivutions , 
at 12, conserved residues that are belieyed. to play roles in 
stnicture and function of TS. We isolated some425. di^erent . 
site-<iir0cted;murta^ 57 <46%) of which were catalytically 
active. With the exception of Cys*®®, Arg^, and Arg^'^, none ' 
of the. residues that were mutagenized are strictly essential 
for activity. AU of the active replacement positions, had mu- 
tants with at least 1% of the activity of yirild-type TS, and 
many have been found with ^ values i^proaching that of 
the natural enzyme.^ Despite the wealth of information avail- 
able on TS, it would not have been possible to predict the 
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stand as a 

caution to assigning structure-function loles of a given lesidue 
based on one or a few mutants. To explain how TS can 
tolerate modifications at so m^y conserved residues of pre- 
sumed importance, we suggest that there is a hi|^ plasticity 
of the stmcture of this protein in accommodating function; 
that is» when a mutation is made that is potentially detrimen- 
tal function, the 8truci;ure may be sufiGdentiy flesble to 
accommodate the change. Furthermore, it appears that many 
of the amino acids studied may not sin4>ly serve a role in 
caialysis, or else they would not have survived evolutionary 
pressure! We are searching for other contributing factors to 
the conservation of these residues/ . 
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: We have sabfected 1 2 ditf erent codons of a synthetic 
XoctotodZlus easel ihsnnldylate syntiiaae (TS) gene to 
satnratlan sIte-dlieeCed mutagenesis to create amino 
add ^'rei^acenient aets* at each of those positions. The 
' target restdnes were ehoaen because they are highly 
: oonaerved and beeaose they are important for the 
tstmetore and function of the prot^ as indicated by 
soln^oiri 

goBe^anD^^ re- 
pitusement^^^ mijrtare of oligcmoideioi^ which 
coiie for iiftD codon. 
TO mntairts and 
eatalytia^ identi^ed^: genefic 

ooinpJbBiitte^tati^ using a T!iy~ strain of Bseheriefiia 
Chdy; 8 of tlie 12 ^-get amino adds examined 
were eaaentlai for TS activity; an^ of the 125 total 
mutants identilied» 67 were cataly ticaliy active. Tliese 
results point to a high degree of plastidty of TO in 
, accommodating function with structural change.. ' 



T^^idylate ^thase (TSy ^talyzes the conversion of 2'- 
deozyiiridylate (dUMP) and 6,10-metl^leDetetrahydrofolati^ 
to 2'^]9thymidylcte (cfT^/iP) and diliydrofolate. TO is the 
soli de novo source cf dTMP, and there has been much 
interest in studies of its etiructure, function, and ii^iibition. 
Ir. part, the interestin TO results from the large amount of 
information on this enzyme which now eiists. The ensi^hiol- 
Qgy of TO has been extensively studied, and details about its 
mechanism and inhibition are well understood (1). Also, the 
primaiy sequences of TO from some 16 sources have been 
determined and liave revealed that it is the one of most 
conserved proteins luiown (2); tlie similarity among TS se- 
quences implies a functional importance for the conserved 
. iesidue& Finany, tlie x-ray structures of the ^octobodlb^ 
TO-Pi con^lex and the Eacheriehia coU TO dUMP-lO-pro- 
pazsyl-&3-dideazafolate (CB3717) ternary conq)lex have pro- 
vided insight almijt the posdble roles of epedfic residues of 
theprotein (3-6). 

ilua Car, mutadoa& of &py residues of TO have provided 
unexpected results. His"^, a putative general base catdyst (6, 

* This work was sunwrted fay United States Public Heahh Setv^ 
Grant CA143S4 and the TDR/Rockefeller Foundation Joint Ventuie. 
The costs d pubUcfition d this ozticle were defrayed in part by th^ 
paymeut of page charges. This article must therefore be hereby 
.marked "oduertuemenl" in soeoidanoe with 18 U.S.a Section 1734 
solely to usdtcate tiiis fivt 

% Senior F^ilbrif^it/Spanish Mihistiy of Education and Science 
.Sf^holar. 

I To whom reprint reqEuests shouM be addressed 
. ; ' Hie sbbreviatttin used is: TS, thynitdylate ^ycthose. 



7), and Arg^^, a substrate-binding residue (8), could each be 
sd»stituted by severd different residues without large e£fect8 
on binding or catalysis; even the Cys involved in nucl<apphilic 
caialysis codd be modified to Ser and still retain activity, 
dbeit severely diminished (9). From such observations, we 
became cautious about directing our efforte toward the sttid^ ; 
of one or a few mutants. Instead, we adopted a plan to produce 
all possible mutants at a residue of interest and devdoped 
screening methods for various properties to reyed mutants of 
interest 

In this report, we describe the strategy and preliminary 
resdte of an approach to understanding Uie structure of TS 
by saturation site-directed mutagenesis. The mutations were 
constructed by cassette mutagenesis using an E. co^i ezpres- 
sion vector that carries a synthetic L coserTO gene with over }^ 
30 unique rest'riction sit^ (7) The mutagenic DNA rassettes^';| [ 
contained mixtures af 32 codons that en&tde 20 e^miiio acids^/^ l- 
and the amber (TAG) stop codoa at the ia]rget site (10-12).^J 
''Replacements sete** were constructed in which each uf 12^M^ 
target amino adds were replaced by a large number of cubsti- , T 
tntions, and a complementation assay was used to rapidly , < 
screen for mutento that were catalyitcdfy active and thus of ^ 
more interest for further stucfy.^ . . ^i'^ 

MATERIALS AND i^lEn .MODS 

RestficticD enrbnucieases and T4 Ixga&e w«re purchased from New^^ 
En^Ad BioLaba and Bethesdi Reaeaich Laboratories imd were used;v| 
as recommended. The Sequenaaa DNA sequencing kit vaist purcbased^ ;^^ 
from U. S. Biochemicd Corp. The coU strains used were TB^^^^' 
(^lacZAMlS; ara, A(!ac-proAB), rpsL, hsdR) from T. O. Baldwin i'^ . 
(Texas A & M, CoUege Station, TX) and Thy' x2913 (AthyA672) 
from R Thosqison (Umveraity d Glasgow, United Kingdom). Oli- 
gonucleotides were synthesized at the Umveraity of California-San 
FianciBCo Biomolecular Resource Center using an Applied Bioqys- 
tems 380B DNA synthesize?: tri^ted oligonucleotide mixtures wese 
purified and de-tritylated on Du Pont-New England Nucleer NEN- 
SORB Prep cartridges using the recommendaticns of the manufac- 
turer. General methods for plasmid purification, subcloTting, and 
bacterial transformation were as deacriibcd (13). 

In vitro cassette mutagenesi s was performed using a synthetic TS 
gene carried on the plasmid pSCTSQ (7). In some eases. pSCTS9 was 
first modified substituting a 19-haao noncoding sequence contain- 
ing unique iVotI and SpM sites for the fragsient containing the target 
oodon; this eliminates wild-^ype eequences and allows tot salective 
destruction of the parent plaanid and resdtant increase in mutagen- 
esis efficiency (14). Methods for'the construction and characterization 
of the TO mutants were as described <7). Short fragments of the TS 
geiie containing the target ccdqn were replaced irith a synUttiic DNA 
duplex preseiiting a mixture of oil four bases at the first and second 
positioitt d the' target codon and a mixture of G end C at the third 
position. The plesinids from the licataon mixture were used to trans- 

'The use of a series d amber tRNA suppresson ard genetic 
complementation to construct and characterize a large number of 
mutants d £. cod* TO was reported after this manuscript wss submit- 
ted (16). ' 



18776 



Saturation Site-dirxted Mutagenem of ThymidybAe SyrUhate 



18777 



form E. coU TB-1, and plasmid pools were traoflfonsed into B, eoU 
Thy' x^l3. Individual plaamida were twice ro-ttanafonned into 
x2913 and eequenced. CatalytieaUy active suMtutioiia were identi- 
fied by screening for the ability of Thf x2913 cells haifabring the 
mutant plasmida to grow on "linimai agar i<»*iri«g Thd and wne 
again characterized by DNA sequencing^ 

RESULTS AND DISCUSSION 

The amino acids targeted fo; mutagensaiB ^re chosen 
because th^ &re highly conserved and because' th^y have 
putative roles in substrate or oofSactdr binding or in catalysis, 
as determined by solution or structural studies (Fig. 1), The 
strategy used in thie construction and characterigatibn of the 
replacement sets is outline in Fig. 2. Following ligation of 
oligonucleotide mixtures and initial transformationt colonies 
were pooled, and the mutagenized plasmid DNA pool was 
7t!«overed and used to transform K coU Tby' x2913 to ampi- 
cillii resistance. Individual mutants were identified by DNA 
sequencing, and the resulting plasmids were used to re-teans- 
form x2913. Plasmid DNA firom the seconduy x2913 trans- 
forroants was iagain se quenced and tested for TS activity as 
described belmv. Passage of the mutagenized DNA mixtures 
throu^ several rounds of teansfonnation ensured segregation 
and/or repair of the heteroduplex DNA molecules that were 
created during the construction of the mutants. It was net 
practical to identify all possible mutants in a replacement set 
by this strategy, which would recpiire sequencing of ovei 160 
c)on6^ to obtain a 95% confidence level of obtaining a com-, 
plete «iet Generally, 20-30 isolates of a replacement set were 
sequenced to give 10-16 different mutants of a give:* residue. 




P--~i 0-P-O 



Fig. 1. Amino add residues of TS targeted for mntagencfiis 
depicted near the sites of interaction with dUMP. - - hydro- 
gen boud b«;lween Val^*^ and Arg". 




Pig. t Strategy for satoraUonsiterdireetedBnitageneslB of 
synthetic TS gene and identifleatlon of calalytleaa:; active 
mutants. A fragment of the TS gene between any tcvo cestriction 
Bites is removed and replaced fay a mixture of oUgonudestidM eon- 
taiiiing NNG/C at the torgst ccdon. The resultant plcamlds are 
sequenced and screened in £L cob' Thy^ cells for catalytic activity. 




An important step in our stategy invdves ^ fidnlifin* 
tion of catalytkolly activajimitaits fa9^,9^ 

tion;:oK:;f:.oofn^^ 
mutant; isol at es wexe^grofra iindBir^-iMio^ 
and thfri p at rhedgnt^ 

in thii flhiMmflB of (jgngMtm 

equess catelj^tiffiB^ 

grOWtil, weak ' ^rri^A'-'^nr' M ■ ijwiMtf rVA^^g^iiii^^ , 

spedfic activity (cbta not dkom) <tf TO^ 
tom avaiiety of imibmtsin^ 
M).Q02 fimdl min"* ihf^ iOJO^^^ iiiaMlp^ 
necessary for ooaq)lamentatto of 
'^1% of the activity of cells haiboring ti^e ] 
PSCTS9. 

Sodium dpdecgd sulfote-pc^yacrylfimide gd i 
analyais of cell extracts showed that TS ims < 
levels of 5-30% of the total aohdile pratdn foor : a^ 
except amber substitutions. Tt^ latter wen undfrtBctfdde jon 
sodium dodep^ sulfota-polyaerylamide gd.eliwiicidm 
exc^ for ti» amber svdistitutiqn of tibe C^tmo^ 
oodon. Thus, the absence d^^cc^i^y^^ a 
lack of production or sta^biU^^i^^^ 

The amino add npliuil^^ 
esis of the TS residues studM m obam The 
prelinunary results aiul pondusip^ 
relates witii x-riiy structure refer to the abuctoKts of the TS* 
Pi coii4>lex (3) or the JSl cobV TO-dUMP*C83717 tenui^ 
conqtlez (4). T | 

Pro^^ is conserved in 14 of 16 reported TS seqiuenon #it|t; 
Ak in k co2i TS luid Tlir in ^ TS as knom 
The side chain of Pro^ k directed tCward the S'iphoqihaAe 
of tiie dUMP-lnnding site, and the carbosisd OfBygen ia'favdi^ 
gen-bonded to a guanidinium iiltiogBn of the conaervied Ai^v 
We obtained 13 mutants, the parental CCG Pro codon, dbd 
the amber codon at position 196 after sequendng 29 domes. 
By coB^lementation, all 13 of the mutento worn «!ti^, wi^. 
12 scoring as higMy active and 1 as mafgiwiil. 

Pfo^^ is a completely conserved residue in all rcfN^ted 
sequences. It reddeg on /}-8band iv, liduch partially lum^^^^ 
active site. As wiife Pro*? , the caiboqyl oxygen is htydrogen- 
bonded to Axff^ and may play a role in coiitxQQnig ^ 
conformation of the catalytic thiol of the adgaoent JPj^. . 
After sequencing 31, Pro^ mutants, we identified 13 uniiio 
acid siibstit^o^B, tiie amberl^dtop codon, and the COC Pro 
. codon, whicli is- Byhonymous witii the pafental OCG oodoa. 
Eic^t of the mutants were hi^ily active^ four scored maigin- 
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ally active, and only one was uuvrtive ay complementation. 
The fiGtct that Pro'*' can be i^la^ witib such a wi^ variety 
of reddiies is suxpnfiing since it is buried and is completely 
conserved in all TS sequences. . . 

Q^'^ provides the catalytic nudeophile of TS and is com- 
pletely conserved. The catalytic thiol is 3.6-4^ A torn the 
fl iMwtaiinmm gfwiip of Arff^ and could fonn an ion pair which 
contribotBs to reactivity of the thiol We isolated XI different 
Bubstitutiona, tte eynonymous TGC 0^ 
mutant after.scKiueiKing 22 dones. The Ser and G 
weie made indiv^^ially since we Med to readily ot^ain titese 
mutants from the initial piaamid mixture. None of the Qys^" 
mutants could complement £. coU Thy" cells, a result vdiich 
is not suipri^ng considering the crucial role of Qys^"* in 
catalysia. Tliese observatiotts contrast with those tepcnted for 
£L oob* TS (9), where the coneeponding C^tcnSer mutant 
conqilemratted a TS deficiency in E. coli, and the purified ^ 
enqnone had /<*^05% of the activity of wild-type TS. We could 
not detect activity in extracts of the L caiei Ser*^ mutanl^ 
perhaps the E. coU and L casei enzymes differ in their iabilities 
to acppmmpdate tlu^ 

His?^ isfcon^^ TS sequences, except for 

the enq^ fiirom bacteriophage 03T, whero the 
residue is Vtd. His^^ lies in the active-site cavity and, ficm 
the ciystal structures, was consideied as the on^ candidate 
for a putative general add/base catalyst to asdst the removal 
of the C-6 proton from dUMP (3). However, the imidazole is . 
too far (5-6 A) from H-5 of dUMP to act directiy in proton 
transfer, althmigh it cddd do so through a higlily ordered 
cioiecule of water bridging to the 4-03^gen of dUMP (4). We 
isolated 16 mutants of His^^ fron t^me 40 clones sequenced. 
Five were fiiUy active, and one show^ marginal activity in 
the complementation assay. While thi^ work wiais in progress, 
Dev et oL (6) reported similar observations at the correspond- 
ing His of K coU TS. The six cata^yticaUy active mutiante we 
found iait position 199 seem to rule out His^^ as an essential 
^£:eral add/bafie caialyst, and there are no current alterna- 
tive candidate residues to eerve this function. 

Consezved Aig residues at positions 23, 178, 179, cmd 218 
fomi a positrrely charged binding surfiice for the 5' -phosphate 
of dUMP (3, 4). Five of the guamdiite NH groupi are within 
appropriate distance (2.&73.2 A) to pral^dde hydrogen bonding 
or electrostatic stabilization of the phosphate anion of dlXMP 
(4). Recent^, we reported (8) that Arg^™ cfm be replaced by 
amino adds as diverse as Ala and Ghi without dramatic (effects 
on binding or catalysis. For Arg'™, after sequencing 30 dones, 
we isolated' 10 mutants, the iambcfr codon, and three aynoqy- 
mous Arg codons. Two mutante were fully active in the 
complementation assay. After sequendng.ll iclones, we ob- 
tained four mutants, tite amber codon, and two oynoqymous 
Arg Godmis at position 23; none of the mutants were active 
by the complementation aesi^. For Arg'^, we isolated 14 
amino add mutations and the parental Arg coddn at position 
218 ^iffcer sequencing 30 cbnes; sequencing an additional 43 
clones provided no additional mutants. None of tiie mutants 
were active in tte complementation ass^. Thus, of the 4 Arg 
residues involved in phosphate bmding, only Airg^ and AIg'^^ 
have tints for been shown to be e^ential. 

Tyt^ iB completely conserved and is located neaf:His^^' 
and Aat.^ in the three-dimensional structure such that it 
migbt interact witii dUMP. In the initial mutagenesis of ly*^ 
witii mixed oligoinideotidea, we only obtained small deletion 
mutations (1-6 base pairs). This probably occurred because 
the codon for Tyr*^ is located only 2 bm patia from tise end 

'S. Clixnid, 1.. Rutz-Petes, D. Gffiszalsz-Pecammkd, P. Prapuh- 
wattana, S. - W. Cho, R Stioud, and D. V. Santi, unpubllthed data. 



of the mutagenic cassette (7), limiting the ability of the 
mianuttched oligonucleotides to anneal productively. We re- 
peated the eq;)eriment using a DNA 'cas^atte in which the 
bottom strand contained inosine at the three podtions encod- 
ing Tyt^^ and tite top strand carried the codon mixture NNG/ 
C (12). Using this approach, we isolated 3 of the 20 possible 
amino add mutetions, the parental Tyr, and the amber jodon; 
the tiiree mutante were active by the complementetion assay, 
lyr^ is a completely , conserved residue which forms a 
. hydn^gon bond to the 3'-hydroxyl of dUMP in the ternary 
'conq>lex. We isolated 14 amino add mutations, tho .wild-^pe 
Tyr, and tiie amber codon at podtion 26(1 after sequencing 41 
clones. Of these, only the Met mutant was active by comple- 
mentation. 

Asn^ is completely conserved and lies in the highly con- 
served, hydrophobic J-helix which forms the ooxe of TS. In 
the ternary cc(t TS*dUMP -(763717 conq>lex, Asn^ inter- 
acts with bound dUMP. via hydrogen bonds between the y-. 
oxygen of Asn and NH-3 of dUMP and between aihd 
0-4. We isolated 9 of the 20 possible amino add substitutions, , 
the pazjsntal Asn, and the amber codon after sequencing 13 
clones. Five of these were active by conq>lementation. 

The cariwxyl terminus of most TS sequences is Val, al- 
' thou^ De, Leu, and Ala have been found. It appean that the 
carbo^l-terminal residue is iuqwrtant to TS dnoe removal 
of Val^^° in L. cosei TS by cariwxypeptidase leads to a IcMSS of 
folate cpfjBCtor binding and cata^tic activity (15). Interest-^ 
ing^, on forming TS-dlJMP-CB3717, the carfooxyl-terminal 
residues undergo a larjge movement towazd the actiye site 
where th^ approach the folate' endog (4). The tenoinal 
Val^'^cariMxylate is hydrc^n-bonded to the essential: Arg^ 
and conserved Tip^ which probably stabilize the conformer 
We isolated 14 amino acid mutetions . at position 316, tiie 
wild-type Val, and the amber codon after sequencing 29 
clones. Of these, nine were active by complementetion. As 
expected, the amdDe;r mutant lacking terminal residue 316 was' 
not active by the complementetion assay. ^v*. I ; . 

SUMMARY ' 0 

'J We have described a simple strategy for saturation mutarv 
genesis of cuiy residue of TS and for the rapid identification ^ 
of mutante which are catalyticaliy active. The targeted cddbit 
of a aynthetic gene is replaced by a mixture of duplex oligo- 
. nucleotides which encodes all 20 amino ^ids. After isolation 
of indivtdud mutants, a conq;>lementeti6n assay udng TS*~ 
defident E. coli riqiidly identifies those mutante with catalytic 
activity. * ' , 

The important componenta of the approach we have used 
which make it generic include the following, (a) A synthetic 
gene with conveniently pkiced, imique resbiction sites permite 
mutagenesis at any position at nearly 100% mutaigenesis 
effidency. (6) A mutagenesis vector which also isisirves as a 
high expression vector avoi<^ farther subcbning. (c) A selec- 
tion eystem for the desired property permite rapid identifica- 
tion of mutante of interest • ^ 

We have made replacement sets of amino add substitutions' 
at 12:con8erved residues that are believed to play roles in 
structure and fiinction of TS. We isolated some 125 difit>reht 
site-directed mutante, 57 (46%) of which were catelyticaUy 
active. With the exc^on of CyB^^, Arg", and Arg?*®, none 
of the residues that were mutagenized are strictly essential 
for activity. AH of the active x^lacement positions had mu- 
tante with.at least 1% of the.activity of wild-ty|^ TS, and 
many have been foimd witii vahues approaching that of 
the natural enayme/ Despite the wealth of infonnation avail- 
able on TS, it would not have been possible to predict the 



range of allowable aubstitii^oiis^ and tbo mahB stand as a 

caution to assigning structui0rjto^ 

based on one or a few mutenta 

tolerate' modificaUpns att^msa^;^ 

siuned inqwrtance, we suggest thctit tbere 

of the stecture of this pioieki in fu>^^ ' 

that is, when a mutation is made tiicut u^i^^ 

tel to function, the flfcructure lyy & to 

accommodato ibe change. FWtl^bin^ 

of the amino adds stiulied/may^^^ 

catalysis, or else tiiey waiM not'trnve 'suryiv^ 

pressure. We are searcldhg for other contributing factors to 

the conservation of these residu^ 
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